Genome-wide association studies (GWAS) of attention-deficit/hyperactivity disorder (ADHD) offer the benefit of a hypothesis-free approach to measuring the quantitative effect of genetic variants on affection status. Generally the findings of GWAS relying on ADHD status have been non-significant, but the one study using quantitative measures of symptoms found SLC9A9 and SLC6A1 were associated with inattention and hyperactivity-impulsivity. Accordingly, we performed a GWAS using quantitative measures of each ADHD subtype measured with the Strengths and Weaknesses of ADHD and Normal Behaviour (SWAN) scale in two community-based samples. This scale captures the full range of attention and kinetic behavior; from high levels of attention and appropriate activity to the inattention and hyperactivity-impulsivity associated with ADHD within two community-based samples. Our discovery sample comprised 1,851 participants (mean age = 22.8 years [4.8]; 50.6% female), while our replication sample comprised 155 participants (mean age = 26.3 years [3.1]; 68.4% females). Age, sex, age × sex, and age 2 were included as covariates and the results from each sample were combined using meta-analysis, then analyzed with a gene-based test to estimate the combined effect of markers within genes. We compare our results with markers that have previously been found to have a strong association with ADHD symptoms. Neither the GWAS nor subsequent meta-analyses yielded genome-wide significant results; the strongest effect was observed at rs2110267 (4.62 × 10 -7 ) for symptoms of hyperactivity-impulsivity. The strongest effect in the gene-based test was for GPR139 on symptoms of inattention (6.40 × 10 -5 ). Replication of this study with larger samples will add to our understanding of the genetic etiology of ADHD.
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Attention-deficit/hyperactivity disorder (ADHD) is a behavioral disorder characterized by developmentally inappropriate activity and deficiencies in attention span. ADHD symptoms typically manifest in 4% to 7% of children and continue into adulthood for around 50% of those affected during childhood (Biederman et al., 2010; Ebejer et al., 2012) . Heritability estimates of the inattentive and hyperactive-impulsive subtypes range between 70% and 80% (Derks et al., 2008; Hudziak et al., 2005; Martin et al., 2002) , indicating that genetic effects largely account for the variation we see in symptoms. In adulthood, ADHD is associated with comorbidity and ongoing difficulties, for example, substance use, anxiety, mood and disruptive behavior disorders, unemployment, multiple marriages, reduced income, low social support, and poor health (Das et al., 2012; Kessler et al., 2006) . Of most relevance, 6.2% Australian adults have reported impairment in their lives due to ADHD symptoms that do not necessarily meet the diagnostic threshold outlined in the Diagnostic and Statistical Manual of Mental Disorders (DSM) -Fourth Edition (DSM-IV) (Das et al., 2012; Faraone & Biederman, 2005; RECEIVED Kooij et al., 2005) . Understanding the genetic etiology of symptoms will provide a step toward more directed and appropriate treatment for people affected by symptoms.
Research largely indicates that ADHD symptoms are expressed quantitatively within populations (Levy et al., 1997) and are affected by multiple genetic and environmental factors that provide either risk or protection for developing symptoms (Thapar et al., 2007) . A liability to ADHD becomes evident when enough risk factors accumulate to outweigh the factors protective against symptom expression and is probably the sum of the multi-factorial effects (Gottesman & Shields, 1967) . The point at which liability becomes pathological is arbitrary and is generally based on DSM-IV or the International Classification of Diseases 2010 (World Health Organization, 1992) criteria, excluding those people with subthreshold ADHD who report that these symptoms cause problems in their lives.
Linkage and association studies of ADHD have mainly focused on specific genetic regions. The results of these studies are mixed (Banaschewski et al., 2010) , but several genes from the dopamine system are frequently implicated in symptom expression: dopamine transporter DAT1, dopamine receptor DRD4, and dopamine receptor DRD5 . Genome-wide association scans provide the benefit of a hypothesis-free approach to measuring the quantitative effect of specific markers across the whole genome. However, to date, meta-analyses of GWAS using case-control methodology have found no significant genetic effects (Mick et al., 2011; Neale et al., 2010) . The only prior GWAS using symptom count as a quantitative measure of ADHD found markers in the region of SLC6A1 and SLC9A9 that were associated with inattention and hyperactivityimpulsivity .
For our purpose, liability is considered to be an underlying continuous distribution of risk on which a diagnosis threshold has been imposed. In the current study we extend the use of a quantitative measure of ADHD symptoms, ranging from high levels of attention and appropriate motor inhibition to the inattention and hyperactivity-impulsivity associated with ADHD, to increase the power to detect genes associated with ADHD symptoms at varying degrees of expression. As an additional boost to power, we combine GWAS for two samples into a meta-analysis and run a genebased test to estimate the independence of marker effects within associated genes. We also compare our findings to a previous genome-wide association scan meta-analysis of ADHD , testing the generalization of quantitative symptoms of ADHD to qualitative diagnosisbased phenotypes.
Methods

Participants
The data used in this study were drawn from two community-based substudies of the Brisbane Longitudinal Twin Study: a twin study of Melanocytic Naevi (MN; for details, see Figure 1 and Wright and Martin, 2004) , and the Nineteen-Up study -examining neurobiological changes associated with mental health (NU; additional study details are provided in Gillespie et al., 2012) . From an initial sample of 3,236 participants within the MN study, 1,851 family members from 735 families for whom genotype and phenotype data were available comprised our discovery sample. The sample included 266 monozygotic (MZ) twin pairs and 9 single twins from an MZ pair (251 males and 290 females), 216 same sex dizygotic (DZ) twin pairs and 26 single twins from the same sex DZ pair (239 males and 219 females), 214 opposite sex DZ twin pairs and 26 single twins from an opposite sex DZ pair (224 males and 230 females), and 398 siblings of twins (189 males and 209 females). The age of these participants ranged from 13 to 40 years (M = 22.8, SD = 4.8).
The data collected within the NU study provided our replication sample, initially comprising 953 participants. These data were collected in two waves; the first included 374 individuals and the second wave included 711, with 132 people who participated in both waves and 477 who had contributed data for both MN and NU studies. Of the initial replication sample, 155 people from 100 families had phenotype and genotype data available and their age ranged from 19 to 36 years (M = 26.3, SD = 3.1). This group comprised 21 complete and 21 incomplete MZ twin pairs (17 males and 46 females), 18 paired, and 10 unpaired samesex DZ twin pairs (12 males and 34 females), 8 complete opposite-sex DZ twin pairs and 17 unpaired twins (16 males and 17 females), and 13 siblings of twins (4 males and 9 females). All participants were fully informed of study procedures and they gave consent to participate online. Ethics approval for this study was provided by QIMR Human Research and Ethics Committee (HREC) and Virginia Commonwealth University Institutional Review Board (IRB).
Measures
Data collection for ADHD-related behaviors began in 2010 and were collected from mothers of all twins who had participated in the Brisbane Longitudinal Twin study since 1992. In the MN study the mother-reported data were used, and in the NU study these data were collected directly from the twins (self-reported). Both studies used the Strengths and Weaknesses of ADHD and Normal-Behavior Scale (SWAN; Swanson et al., 2005) for data collection. Recruitment process leading to collection of SWAN measured ADHD data used in this study.
was 20 or younger, their behavior was rated in relation to their peer group. The remaining 28 parents completed the questionnaire during their child's second clinic visit (at age 14 years). This scale was similarly directed toward the twins and each of their siblings and comprised 30 items: 1 to 18 addressed ADHD symptoms, 19 to 27 were specific to oppositional defiant disorder, and 28 to 30 measured cognitive tempo.
The inattention and hyperactivity-impulsivity subscales of the SWAN demonstrate retest reliabilities of 0.72 to 0.90 and a Cronbach's alpha of 0.80 (Arnett et al., 2013) . Each of the 18 SWAN items addresses criterion A of DSM-IV (text revision), but is worded to reflect normal behavior as indicated in Table 1 , along with the probability of endorsing a positive symptom by sex. The scale used for both the versions of the questionnaire in the MN study was 7-point scale and coded with high scores reflecting problem behaviors: -3 (far above average), -2 (above average), -1 (slightly above average), 0 (average), 1 (slightly below average), 2 (below average), and 3 (far below average).
The SWAN data collected for the NU study were selfreported by twins and were also completed as a component of an online questionnaire similarly addressing health phenotypes: (A) general health, (B) relationships, (C) migraine and headaches, (D) SWAN items, (E) hair loss, (F) sleep and wake, (G) activity schedule, (H) personality, (I) romantic preferences, and (J) flexibility loss. This questionnaire also took approximately 60-90 min to complete and respondents could go back and modify their answers or discontinue completion at any time. Within the first wave of the study, twins were asked to report on their behavior between the age of 7 and 10 years 'in relation to their peer group' . In the second wave, twins rated their current behavior 'in relation to their current peer group' . The scale of this questionnaire ranged from -2 to 2: -2 (far above average), -1 (above average), 0 (average), 1 (below average), and 2 (far below average) and was coded again, so high scores reflected symptom expression. For questionnaires in both studies, the mean of the first 9 items was used as our measure of inattention, the mean of items 562 TWIN RESEARCH AND HUMAN GENETICS 
Sample Size 155
Note: SWAN scale in MN is coded from -3 to 3 and in NU from -2 to 2. In both studies scores >1 represent positive symptoms. Clinic = data collected within MN from mothers during twin's second clinic visit. Online = data collected within MN from online questionnaire completed by mothers.
10 to 18 provided our measure of hyperactivity-impulsivity, and the mean of all 18 items provided our measure of combined ADHD symptom expression, as presented in Table 2 , with descriptive statistics for the SWAN metrics across studies.
Genotyping
In both samples participants were genotyped using the Illumina single-nucleotide polymorphism (SNP) Human610-Quad platform and 592,392 SNPs were genotyped; 8,447 of these had a call rate < 0.95, and 2,841 had HardyWeinberg equilibrium (HWE) p-value < 10 -6 . There were 33,347 SNPs with one allele frequency <0.01 or only one observed allele, and these SNPs were removed from the dataset. After cleaning, 529,379 SNPs remained and of these, 274,604 were common to additional waves of data collection as described in Medland et al. (2009) . These SNPs were imputed to Hapmap II (build 36, release 22) using the Utah residents with ancestry from northern and western Europe references (CEU) with MACH 1.0 (Li & Abecasis, 2006) and imputation resulted in 2,373,249 SNPs with an r sq > .3.
Statistical Analyses
Genome-wide association studies were conducted to examine genetic associations for the quantitative measures of inattention, hyperactivity-impulsivity, and combined behaviors separately for the MN and NU studies, including sex, current age, sex × age, and age 2 as covariates. Within the MN study, the method of form completion (online or clinic) was included as a covariate to correct for any variation across the method of data collection. In the NU study we ran structural equation models using OpenMx (Boker et al., 2010) to estimate the similarity of genetic effects across waves of data collection due to the difference in time to which the questions were directed. There was no significant difference in genetic and environmental parameters between waves of data collection, p > .05, h 2 = 0.42 (0.19-0.56), so all data for NU were combined and analyzed with wave as a covariate. Data were screened for ancestry outliers and SNP-based association was conducted across the genome using family-based association analysis in Merlin-offline (Chen & Abecasis, 2007 ) under an additive model. This method models family structure and the additive genetic effect of each genotype onto inattention, hyperactivity-impulsivity, and combined behaviors.
The results of individual GWAS for inattention, hyperactivity-impulsivity, and combined symptoms within each study were combined in a meta-analysis using MetaAnalysis Helper (Metal; Abecasis & Willer, 2007) . Within Metal, z-scores are calculated from the p-values and direction-of-effect within each sample and weighted according to the inverse of the sample size. This method characterizes the magnitude and direction of additive genetic effects relative to the same reference allele across samples. The results of the meta-analysis were examined for genebased association using Versatile Gene-based Association Study (VEGAS; Liu et al., 2010) to estimate the combined effect of all markers within ±50 kb of 5' and 3' untranslated regions of a gene. The significance level required for the gene-based test is p < 2.8 × 10 -6 (.05/17,787 autosomal genes). Finally, we compare the top 50 SNPs from a meta-analysis of ADHD case-control studies with the effect for the same SNPs within our metaanalysis. The alleles at each of these markers were aligned 564 TWIN RESEARCH AND HUMAN GENETICS across studies and samples were entered into an additional meta-analysis using Metal.
Results
We first discuss results for the two separate substudies and three core phenotypes -combined symptoms, inattention, and hyperactivity-impulsivity -and present these results in Appendix A. The lambda values within each substudy (quantile-quantile [qq] plots) shown in Figure A1 provide no evidence for population stratification or technical artifact for the data collected during the MN study, but they do indicate low power for data collected within the NU study. Within each sample there were no SNP effects that reached genome-wide significance (p < 5 × 1 -8 ; Figures A2 and A3 , Tables A1 and A2). We combined the results of individual analyses to obtain meta-analyses for combined ADHD symptoms, inattention, and hyperactivity-impulsivity, and present the SNP effects in Figure 2 and Table 3 .
No SNPs reached genome-wide significance -the strongest effect was for rs2110267 on chromosome 7, which was positively associated with symptoms of hyperactivityimpulsivity (4.6 × 10 -7 ). The results of the genebased test (Table 4) for combined symptoms, inattention, and hyperactivity-impulsivity, respectively, showed no genome-wide significance; GPR139 showed the strongest association with ADHD (6.4 × 10 -5 ), specifically for symptoms of inattention.
To examine whether our results replicate previous findings from case control analyses, we combined the SNP effects that we found with the 50 best SNPs in a metaanalysis by Neale and colleagues (2010) using Metal. We found stronger effects for rs12375086 and rs12673393 than found separately in either of the studies. The Metal results approached genome-wide significance for the effect of rs12375086 on combined symptoms of ADHD (9.9 × 10 -8 ) and hyperactivity-impulsivity (7.4 × 10 -8 ), and we present these in Table 5 . This provides evidence for replication of an association between these SNPs and ADHD -this genetic region is illustrated in Appendix B ( Figure B1 ). However, we found no genome-wide significant effects in any of our analyses due to insufficient power, given the relatively small size of our replication sample.
Discussion
In this study we used a novel quantitative measure of ADHD to describe the full spectrum of behavior relating to DSM-IV-defined ADHD symptoms. There was evidence for replication of two SNP effects previously found in a meta-analysis of ADHD case-control GWAS. However, no novel results reached significance. Our qq-plots for data from the NU study appear to be underpowered, indicating fewer p-values at the higher end of the distribution than would be expected by chance. This may be due to reduction in power associated with (1) a reduced sample size, and (2) a reduced effect -the scale used for NU study was 5-point in comparison to the 7-point scale used in the MN study. ADHD symptoms appear to be influenced by many genes of small effect, and as previously found with GWAS, pooling samples to increase sample size and the size of the effects achieved would be the most appropriate way forward. This is supported by the suggested replication of previous results. We could not adequately compare our results with those of Lasky-Su and colleagues (2008) as neither direction of effects nor reference alleles were presented in their article, but as described below there was suggested replication. The methodology we used differs somewhat from that of the previous GWAS of quantitative ADHD symptoms. Lasky-Su and associates (2008) used a family-based association test (FBAT), which employs parental genotype and/or the trait distribution in offspring as controls when calculating association between markers and traits. This essentially controls for population stratification and skewness; however, it is unlikely that the variation in our results is due to skewness (see Table 2 ) or population stratification due to the quality control prior to conducting the GWAS. The second quantitative measure in the study of Lasky-Su et al. represented the sum of positive responses to each ADHD symptom. In contrast, our scale addressed the full spectrum of ADHD-related behaviors, providing more power to detect genetic association and at the same time greater phenotypic variation. This variation in scales might partially account for variation in results.
We were unable to adequately compare our effect sizes with the best SNPs of Lasky-Su and colleagues (2008) due to the absence of alleles and directional effects in their article, but there were three SNPs with suggested replication in our study: rs17651978 in association with inattention and ADHD total score (p Lasky-Su = 6.1 × 10 -6 , p Ebejer = 4.4 × 10 -3 ), rs7992643 in association with ADHD total score (p Lasky-Su = 5.5 × 10 -6 , p Ebejer = 9.4 × 10 -3 ), and rs10767942 in association with hyperactivity-impulsivity (p Lasky-Su = 7.9 × 10 -6 , p Ebejer = 8.4 × 10 -3 ). Of interest, rs7992643 was uniquely associated with combined symptoms of ADHD. Within our sample, the top 25 SNPs for the combined symptoms phenotype were associated with either symptoms of inattention or hyperactive-impulsivity and not unique to the combined subtype, but overall approximately two-fifths of the strongest 100 SNP effects were unique to combined symptoms. There has been evidence to suggest there may be a genetically distinct form of combined ADHD (Christiansen et al., 2008 ) but this has not been conclusively proven, and given the heterogeneous results we see across GWAS of ADHD, it remains speculation. Teasing apart the genes contributing to the subtypes and latent classes of ADHD will provide important information about the etiology of symptoms and the distinction of phenotypes.
The primary limitation of this study was the small size of our replication sample. In addition, we were unable to exclude possible cases of autism or phenotypes that could mimic ADHD and this could have influenced our findings. There are arguments for and against the exclusion of specific disorders when measuring ADHD. Doing so may exclude natural variation in symptoms and important etiological information, both genetic and phenotypic; a more restrictive analysis of symptoms allows a more specific focus on one dimension of behavior. An additional limitation was the use of retrospective parental report, possibly leading to a reinterpretation of behaviors that can occur with time.
In conclusion, there was suggested overlap in the genetic effects found for diagnosed cases of ADHD and ADHD measured as a quantitative trait. Questions remain regarding the genetic overlap between combined symptoms of ADHD, inattention, and hyperactivity-impulsivity. Within a population sample such as ours, genetic effects are likely to be more heterogeneous than a clinical sample due to the specificity of diagnosis in a clinical study. Paradoxically, it may be a community-based sample that provides the greatest insight into the true variation and comorbidity associated with ADHD symptoms, given the impairment reported by adults with subthreshold symptoms. Increasing the sample size of GWAS for quantitative measures of ADHD symptoms and examining the overlap between ADHD subtypes and comorbid disorders in conjunction with molecular genetics will provide information necessary for development of appropriate treatments. 
